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(57) ABSTRACT 

Various embodiments of the present invention are directed to 
crossbar-memory systems to methods for writing informa 
tion to and reading information stored in Such systems. In 
one embodiment of the present invention, a crossbar 
memory system comprises a first layer of microscale signal 
lines, a second layer of microscale signal lines, a first layer 
of nanowires configured so that each first layer nanowire 
overlaps each first layer microscale signal line, and a second 
layer of nanowires configured so that each second layer 
nanowire overlaps each second layer microscale signal line 
and overlaps each first layer nanowire. The crossbar 
memory system includes nonlinear-tunneling resistors con 
figured to selectively connect first layer nanowires to first 
layer microScale signal lines and to selectively connect 
second layer nanowires to second layer microscale signal 
lines. The crossbar-memory system also includes nonlinear 
tunneling-hysteretic resistors configured to connect each 
first layer nanowire to each second layer nanowire at each 
crossbar intersection. 
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CROSSBAR-MEMORY SYSTEMIS AND 
METHODS FOR WRITING TO AND 

READING FROM CROSSBAR MEMORY 
UNCTIONS OF CROSSBAR-MEMORY 

SYSTEMS 

TECHNICAL FIELD 

0001. The present invention is related to nanoscale and 
combined microscale/nanoscale electronics and, in particu 
lar, to crossbar-memory systems configured so that infor 
mation can be written to, and read from, crossbar memory 
junctions of the crossbar-memory systems. 

BACKGROUND OF THE INVENTION 

0002 Significant research and development efforts are 
currently directed towards designing and manufacturing 
nanoscale electronic devices, including nanoscale memo 
ries. Nanoscale electronics promise a number of advantages 
over microscale, photolithography-based electronics, 
including significantly reduced features sizes and the poten 
tial for self-assembly and for other relatively inexpensive, 
non-photolithography-based fabrication methods. However, 
the design and manufacture of nanoscale electronic devices 
present many new problems that need to be addressed prior 
to large-scale commercial production of nanoscale elec 
tronic devices and incorporation of nanoscale electronic 
devices into microscale and larger-scale systems, devices, 
and products. 
0003 Nanoscale crossbar-memory arrays are possible 
candidates for relatively near-term commercialization. 
Nanoscale crossbar-memory arrays can be composed of a 
first layer of approximately parallel nanowires overlain by a 
second layer of approximately parallel nanowires, the ori 
entation of the nanowires of the first layer are approximately 
perpendicular to the nanowires of the second layer. A resistor 
is located at each point where a nanowire in the second layer 
overlaps a nanowire in the first layer and is called a 
“crossbar-memory junction.” The nanowires of the first 
layer are addressed through selective interconnections to 
microScale output signal lines of a first combined micros 
cale/nanoscale encoder-demultiplexer, and the nanowires of 
the second layer are addressed through selective intercon 
nections to microscale output signal lines of a second 
combined microscale/nanoscale encoder-demultiplexer. 
Resistors are located at selected combined microscale/ 
nanoscale crossbar junctions of the encoder-demultiplexers. 
A nanowire address is input to an encoder via microscale 
address lines and is transformed into a pattern of addressed 
nanowire selection Voltages that are output by the encoder to 
the microscale output signal lines of the encoder-demulti 
plexer. Selection of the two nanowires that cross at a 
particular crossbar-memory junction by the two encoder 
demultiplexers results in applying a defined Voltage to the 
crossbar-memory junction selected by input of two nanowire 
addresses to the two encoder-demultiplexers. 
0004 Relatively large voltages can be applied to a given 
crossbar-memory junction to reversibly configure the resis 
tor in a high-conductance state or low-conductance state, the 
particular conductance state obtained depending on the 
polarity of the applied Voltage. However, application of 
Voltages greater in magnitude than the Voltages used to 
reversibly configure crossbar-memory junctions can irre 
versibly destroy the crossbar-memory junctions to which the 
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greater Voltages are applied. Each crossbar-memory junction 
serves as a single-bit memory element, storing a binary 
value “0” as a low conductance state and a binary value “1” 
as a high-conductance state. 
0005. Although the encoder-demultiplexers and the 
crossbar memories are similar in that both are implemented 
using nanoscale crossbars that have configurable resistors at 
the crossbar junctions, there are important differences 
between the resistors used in the two subsystems. The 
resistors in the memory array are used as memory storage 
elements, and are therefore electronically-reconfigurable. 
By contrast, the resistors in the encoder-demultiplexers are 
configured once at the time of manufacturing, and are stable 
thereafter. However, designers, manufacturers, and users of 
nanoscale crossbar-memory arrays have recognized a need 
for crossbar memory arrays with electronically-reconfig 
urable crossbar resistors at crossbar memory junctions that 
provide large Voltage margins, defect tolerant properties, 
and can be used with encoder-demultiplexers that use redun 
dant addressing schemes based on error-correcting codes. In 
addition, designers, manufacturers, and users have recog 
nized a need for methods of writing information to and 
reading information stored in crossbar memory junctions. 

SUMMARY OF THE INVENTION 

0006 Various embodiments of the present invention are 
directed to crossbar-memory systems to methods for writing 
information to and reading information stored in Such sys 
tems. In one embodiment of the present invention, a cross 
bar-memory system comprises a first layer of microscale 
signal lines, a second layer of microscale signal lines, a first 
layer of one or more nanowires configured so that each first 
layer nanowire overlaps each first layer microscale signal 
line, and a second layer of one or more nanowires configured 
so that each second layer nanowire overlaps each second 
layer microscale signal line and overlaps each first layer 
nanowire. The crossbar-memory system includes nonlinear 
tunneling resistors configured to selectively connect first 
layer nanowires to first layer microscale signal lines and to 
selectively connect second layer nanowires to second layer 
microScale signal lines. The crossbar-memory system also 
includes nonlinear tunneling-hysteretic resistors configured 
to connect each first layer nanowire to each second layer 
nanowire at each crossbar intersection. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0007 FIG. 1 illustrates a nanowire crossbar array. 
0008 FIGS. 2A-2B illustrate a crossbar junction that 
interconnects two overlapping nanowires of two contiguous 
layers within a nanowire crossbar. 
0009 FIGS. 3A-3D illustrate one possible approach to 
configuring a network of reconfigurable nanoscale electrical 
components from a two-layer nanowire crossbar. 
0010 FIG. 4 shows a current-versus-voltage curve that 
describes the operational characteristics of a nonlinear 
tunneling-resistor junction. 
0011 FIG. 5 shows the operational characteristics of a 
nonlinear-tunneling-hysteretic-resistor junction and resis 
tance-state transitions under operational control Voltages. 
0012 FIG. 6A illustrates a number of parallel nonlinear 
tunneling resistors, where each nonlinear tunneling resistor 
has an identical scale factor and quasi-conductance. 
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0013 FIG. 6B illustrates a voltage divider composed of 
two nonlinear-tunneling resistors. 
0014 FIG. 7 shows a diagram of a combined nanoscale/ 
microScale electronic memory device. 
0015 FIG. 8 shows an abstract representation of a 
nanowire-crossbar memory-element Subarray within a com 
bined nanoscale/microscale electronic memory device. 
0016 FIG. 9 illustrates a portion of a grid-like nanowire 
crossbar featuring nonlinear-tunneling-hysteretic-resistor 
junctions, as described above with reference to FIG. 5. 
0017 FIG. 10 illustrates a microscale/nanoscale crossbar 
and encoder of a microscale/nanoscale encoder-demulti 
plexer. 
0018 FIG. 11 shows a table representing a constant 
weight error-control-encoding code. 
0019 FIGS. 12A-12B illustrate a distance profile and a 
distance distribution for an example 4-bit constant-weight 
code. 
0020 FIG. 13 illustrates an example crossbar-memory 
system configured to store and retrieve information that 
represents a first embodiment of the present invention. 
0021 FIG. 14 illustrates an example configuration of a 
crossbar-memory system that is structurally similar to the 
crossbar-memory system shown in FIG. 13 and represents a 
second embodiment of the present invention. 
0022 FIG. 15 illustrates an example crossbar-memory 
system that represents an embodiment of the present inven 
tion. 

0023 FIG. 16 illustrates an enlargement of a microscale/ 
nanoscale encoder-demultiplexer shown in FIG. 15 that 
represents an embodiment of the present invention. 
0024 FIGS. 17A-17B illustrate an example of a voltage 
divider representation of a nanowire of the encoder-demul 
tiplexer shown in FIG. 16 that represents an embodiment of 
the present invention. 
0025 FIGS. 18A-18E3 show a general voltage-divider 
representation of a nanowire interconnected to a number of 
microScale signal lines of an encoder demultiplexer that 
represents an embodiments of the present invention. 
0026 FIGS. 19A-19D show voltage outputs from nanow 
ires of an encoder demultiplexer employing tunneling-resis 
tor junctions that represents one of many embodiments of 
the present invention. 
0027 FIG. 20 illustrates applying a write voltage to a 
selected crossbar memory junction of the crossbar-memory 
system shown in FIG. 13 that represents an embodiment of 
the present invention. 
0028 FIG. 21 illustrates writing a memory state to a 
selected crossbar memory junction of the crossbar-memory 
array shown in FIG. 15 that represents an embodiment of the 
present invention. 
0029 FIG. 22 shows voltage drops across each crossbar 
memory junction of the crossbar-memory array shown in 
FIG. 15 that represents an embodiment of the present 
invention. 

0030 FIG. 23 shows an ideal conductance path that 
passes through a selected crossbar memory junction of the 
crossbar-memory system shown in FIG. 13 that represents 
an embodiment of the present invention. 
0031 FIGS. 24A-24B illustrates changing a conductance 
state of crossbar memory junctions in the crossbar-memory 
system shown in FIG. 13 that represents an embodiment of 
the present invention. 
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0032 FIG. 25 illustrates current flowing along an ideal 
conductance path in the crossbar-memory system shown in 
FIG. 13 that represents an embodiment of the present 
invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

0033. Various embodiments of the present invention are 
directed to crossbar-memory systems and methods for writ 
ing information to, and reading information from, the cross 
bar-memory systems. The crossbar-memory systems com 
prise a crossbar-memory array with electronically 
reconfigurable nonlinear-tunneling resistors located at cross 
bar memory junctions of the crossbar-memory array, Switch 
multiplexers, and two combined microscale/nanoscale 
demultiplexers that include nonlinear-tunneling resistors 
located at selected microscale signal line and nanowire 
junctions. The two combined microscale/nanoscale demul 
tiplexers are designed to use redundant addressing schemes 
based on error-correcting codes. In order to assist in under 
standing descriptions of various embodiments of the present 
invention, an overview of crossbar arrays and crossbar 
junctions in provided in a first subsection. An overview of 
properties of nonlinear-tunneling resistors located at cross 
bar junctions is provided in a second Subsection. An over 
view of nanoscale crossbar-memory arrays is provided in a 
third Subsection. A mathematical description of error-cor 
recting codes is provided in a fourth Subsection. Finally, 
various device embodiments and various writing and read 
ing method embodiments are described in a fifth subsection. 

Crossbar Arrays and Crossbar Junctions 

0034 FIG. 1 illustrates a nanowire crossbar array. In FIG. 
1, a first layer of approximately parallel nanowires 102 is 
overlain by a second layer of approximately parallel nanow 
ires 104. The second layer 104 is roughly perpendicular, in 
orientation, to the nanowires of the first layer 102, although 
the orientation angle between the layers may vary. The two 
layers of nanowires form a lattice, or crossbar, each nanow 
ire of the second layer 104 overlying all of the nanowires of 
the first layer 102 and coming into close contact with each 
nanowire of the first layer 102 at nanowire intersections that 
represent the closest contact between two nanowires. 
Although individual nanowires in FIG. 1 are shown with 
rectangular cross sections, nanowires can also have square, 
circular, elliptical, or more complex cross sections. The 
nanowires may also have many different widths or diameters 
and aspect ratios or eccentricities. The term "nanowire 
crossbar may refer to crossbars having one or more layers 
of Sub-microscale wires, microscale wires, or wires with 
larger dimensions, in addition to nanowires. 
0035 Nanowire layers can be fabricated by mechanical 
nanoimprinting techniques. Alternatively, nanowires can be 
chemically synthesized and can be deposited as layers of 
approximately parallel nanowires in one or more process 
steps, including Langmuir-Blodgett processes. Other alter 
native techniques for fabricating nanowires may also be 
employed. Thus, a two-layer nanowire crossbar comprising 
first and second layers, as shown in FIG. 1, can be manu 
factured by any of numerous relatively straightforward 
processes. Many different types of conductive and semi 
conductive nanowires can be chemically synthesized from 
metallic and semiconductor Substances, from combinations 
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of these types of Substances, and from other types of 
Substances. A nanowire crossbar may be connected to 
microScale address-wire leads or other electronic leads, 
through a variety of different methods in order to incorporate 
the nanowires into electrical circuits. 

0036. At nanowire intersections, nanoscale electronic 
components, such as resistors, and other familiar basic 
electronic components, can be fabricated to interconnect two 
overlapping nanowires. A nanowire intersection connected 
by electronic components is called a “crossbar junction.” 
FIGS. 2A-2B provide two different illustrations of a crossbar 
junction that interconnects nanowires 202 and 204 of two 
contiguous layers within a nanowire crossbar. The crossbar 
junction may or may not involve physical contact between 
the two nanowires 202 and 204. As shown in FIG. 2A, the 
two nanowires are not in physical contact at their overlap 
point, but the gap between the nanowires 202 and 204 is 
spanned by a number of molecules represented by a resistive 
element 206 that lies between the two nanowires at their 
closest overlap point. FIG. 2B illustrates a schematic rep 
resentation of the resistive element 206 and overlapping 
nanowires 202 and 204 shown in FIG. 2A. The resistive 
element 206 is used to represent a resistor located at a 
crossbar junction throughout the remaining figures. The 
resistive element 206 may represent one or more molecules 
that behave as a resistor. In certain embodiments of the 
present invention, the resistive element 206 may be intro 
duced in a separate layer, referred to as “intermediate layer.’ 
formed between the layers of overlapping nanowires and 
configured, as described below with reference to FIGS. 
3A-3D. 

0037. The electronic properties of crossbar-junction mol 
ecules can vary according to the particular molecular con 
figuration or electronic state of the crossbar-junction mol 
ecules. In some cases, changes in the state of crossbar 
junction molecules may not be reversible. In other cases, the 
crossbar-junction molecules may be conductive, but the 
molecules may be irreversibly damaged, along with portions 
of the nanowires proximal to the crossbar junctions, through 
application of very high Voltages, resulting in disrupting 
conductivity between the two nanowires and breaking of an 
electrical connection between them. In yet other cases, the 
crossbar-junction molecules may transition reversibly from 
one state to another and back, so that the resistive elements 
configured at crossbar junctions may be reconfigured, or 
programmed, by application of differential Voltages to 
selected crossbar junctions. 
0038 Various different types of molecules may be intro 
duced at crossbar junctions for a variety of different pur 
poses, such as to control the level of current passing between 
two overlapping nanowires. The molecules spanning a 
crossbar junction, as shown in FIG. 2A, may have various 
different states in which the molecules exhibit resistive, 
semiconductor-like, or conductive electrical properties. The 
states, and relative energies of the States, of the crossbar 
junction molecules may be controlled by applying differen 
tial current levels or Voltages to the overlapping nanowires 
forming the crossbar junction. For example, certain states of 
a crossbar-junction molecule can be set by applying Voltages 
to nanowires of a crossbar junction. The applied Voltages 
can change the redox state of the crossbar-junction molecule 
causing the crossbar-junction molecule to operate as a 
conductor in a reduced State or operate as an insulator in an 
oxidized State. 
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0039 Crossbar junctions can be configured electrically, 
optically, mechanically or by other means. FIGS. 3A-3D 
illustrate one possible approach to configuring a network of 
reconfigurable nanoscale electrical components from a two 
layer nanowire crossbar. The example shown in FIGS. 
3A-3D are meant to illustrate a general process by which 
nanowire crossbars may be configured as useful portions of 
electronic circuits. In FIGS. 3A-3D, a small 3x3 nanowire 
crossbar is shown, with circles at all nine crossbar junctions, 
each circle indicating the state of the crossbar-junction 
molecules. In one state, labeled “1” in FIGS. 3A-3D, the 
crossbar-junction molecules may have resistive properties, 
while in a second state, labeled “2 in FIGS. 3A-3D, the 
crossbar-junction molecules may have different properties 
that cause the crossbar-junction molecules to operate as 
insulators. Initially, as shown in FIG. 3A, the states of the 
crossbar junctions of the nanowire crossbar 300 are labeled 
“2. Next, as shown in FIG. 3B, each crossbar junction may 
be uniquely accessed by applying a WRITE voltage, or 
configuring Voltage, to the nanowires that form the crossbar 
junction in order to configure, or program, the crossbar 
junction to have the state “1. For example, in FIG. 3B, a 
first WRITE voltage V" is applied to horizontal nanowire 
302 and a second WRITE voltage V" is applied to vertical 
nanowire 304 to change the state of the crossbar junction 
306 from “2 to “1,” Individual crossbar junctions may be 
configured through steps similar to the steps shown in FIG. 
3B, resulting in a fully configured nanoscale component 
network as shown in FIG. 3C. In FIG. 3C, the states of 
crossbar junctions 306, 308, and 310 form a downward 
Slanted diagonal through the nanowire crossbar that have 
been configured by selective application of WRITE volt 
ages. As shown in FIG. 3D, the nanoscale electrical com 
ponent network can be used as a portion of an integrated 
circuit. Input voltages V. V.", and V," may be applied to the 
nanoscale electrical component lattice as inputs 312 and 
output voltages V, V", and V." 314 may be accessed as the 
result of operation of the nanoscale electrical component 
network that represents a portion of an integrated circuit. In 
general, the input voltages V. V.", and V," and the output 
Voltages V, V", and V" have relatively low magnitudes 
compared with the WRITE voltages V. Depending on the 
types of nanowires, types of dopants employed in the case 
of semiconductor nanowires, and the types of crossbar 
junction molecules employed in the nanowire crossbar, 
many different configuring processes may be used to con 
figure nanowire crossbars into nanowire-based electrical 
components networks. 

Properties of Nonlinear-Tunneling Resistors at 
Crossbar Junctions 

0040. A current flowing between two overlapping 
nanowires interconnected by crossbar-junction molecules 
that operate as a nonlinear tunneling resistor can be modeled 
by the current-voltage equation: 

, , lav -aw = s (ke - ke') = ksinh(a V) 

where I is current flowing through the crossbar junction; 
0041 V is a voltage across the crossbar junction; 
0042 k is the quasi-conductance of the crossbar junction; 
and 
0043 a is a voltage scale factor. 
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The quasi-conductance, k, and scale factor, a, are parameters 
determined by the physical properties of crossbar-junction 
molecules. The scale factor a represents resistive properties 
of the crossbar junction and can be used to characterize 
changes in the current flowing through the crossbar junction 
based on changes in the Voltages between the overlapping 
nanowires. The parameter k is analogous to the conductance, 
g=1/R, of a linear resistor, where R represents resistance. A 
nonlinear-tunneling resistor that operates in accordance with 
the current-Voltage equation given above is called a “tun 
neling resistor.” 
0044 FIG. 4 shows a current-versus-voltage curve that 
represents the operational characteristics of a tunneling 
resistor located at a crossbar junction. A tunneling resistor 
located at a nanowire intersection is called a “tunneling 
resistor junction.” In FIG. 4, and in subsequent FIG. 5, 
horizontal line 402 represents a voltage axis, and vertical 
line 404 represents a current axis. The voltage axis 402 is 
incremented in volts (V), and the current axis 404 is incre 
mented in microamperes (LLA). Curve 406 represents the 
current versus Voltage relationship for a tunneling-resistor 
junction. The curve 406 shows qualitatively different regions 
of behavior that are identified as a linear region 408, a first 
exponential region 410, and a second exponential region 
412. In the linear region 408, the tunneling-resistor junction 
operates as a linear resistor junction with an approximate 
conductance ka. As the magnitude of the Voltage across the 
tunneling-resistor junction decreases to Zero, the resistance 
of the tunneling-resistor junction is nearly constant, and the 
magnitude of the current flowing through the tunneling 
resistor junction decreases to Zero. By contrast, in the 
exponential regions 410 and 412, the curve 406 shows a 
nonlinear current-versus-Voltage relationship. Applying 
Voltages in the exponential regions 410 and 412 decreases 
the resistance of a tunneling-resistor junction and exponen 
tially increases the conductance, which allows more current 
to flow through the tunneling-resistor junction. In FIG. 4, 
voltages V, and V, represent the minimum and maxi 
mum operating Voltages, respectively, that can be applied to 
the tunneling-resistor junction represented by the curve 406. 
Applying voltages outside the Voltage range IV, V, 
destroys the crossbar junction by irreversibly damaging the 
tunneling-resistor junction molecules, which destroys the 
usefulness of the electrical connection between overlapping 
nanowires and renders the tunneling-resistor junction inop 
erable through being either permanently open or perma 
nently closed. 
0045 One particularly important type of tunneling resis 
tor is a reconfigurable nonlinear-tunneling-hysteretic resis 
tor. Using currently available techniques, reconfigurable 
nonlinear-tunneling-hysteretic resistors can be fabricated at 
crossbar junctions to produce reconfigurable tunneling-re 
sistor junctions, called “tunneling-hysteretic-resistor junc 
tions.” The resistance of a tunneling-hysteretic-resistorjunc 
tion can be controlled by applying state-transition Voltages 
that cause the tunneling-hysteretic-resistor junction to alter 
nate between two bistable resistance states. In one resistance 
state, the tunneling-hysteretic-resistor junction has a rela 
tively low resistance, which corresponds to high-conduc 
tance state that is represented by the binary value “1,” and 
in the other resistance State, the crossbar junction has a 
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relatively high resistance, which corresponds to a low 
conductance state that is represented by the binary value “O.” 
0046 FIG. 5 shows the operational characteristics of a 
tunneling-hysteretic-resistor junction and resistance-state 
transitions under operational control voltages. Curve 506 
represents the low-resistance state of the tunneling-hyster 
etic-resistor junction, and dashed-line curve 508 represents 
the high-resistance State of the same tunneling-hysteretic 
resistor junction. The high-conductance state represented by 
the curve 506 typically represents a Boolean value or 
memory state “1,” and the low-conductance State repre 
sented by the curve 508 typically represents a Boolean value 
or memory state '0.' Applying Voltages outside the Voltage 
range IV, V, destroys the tunneling-hysteretic-resistor 
junction. Voltages V and Vo represent WRITE “1” and 
WRITE “0” threshold voltages. When the tunneling-hyster 
etic-resistor junction is in the low-conductance state 508, 
applying a voltage in the WRITE “1” voltage range IV, 
V, 520 causes the tunneling-hysteretic-resistorjunction to 
transition to the high-conductance state 506, as indicated by 
directional arrow 512. When the tunneling-hysteretic-resis 
tor junction is in the high-conductance State 506, applying a 
voltage in the WRITE “0” voltage range IV,'.V. 524 
causes the tunneling-hysteretic-resistorjunction to transition 
to the low-conductance state 508, as indicated by directional 
arrow 510. 

0047. The tunneling-hysteretic-resistor junction repre 
sented in FIG. 5 can be operated as follows. Consider the 
tunneling-hysteretic-resistor junction initially in a low-con 
ductance state 508. The tunneling-hysteretic-resistor junc 
tion can be operated as a low-conductance state resistor by 
applying Voltages in a voltage range IV,'.V. 518. How 
ever, applying a voltage in the WRITE “1” voltage range 
520, causes the tunneling-hysteretic-resistor junction to 
immediately transition from the low-conductance state 508 
to the high-conductance state 506. As a result, the tunneling 
hysteretic-resistor junction can now be operated as a high 
conductance state resistor by applying Voltages in a Voltage 
range IV, V, 522. By applying a voltage in the WRITE 
“O voltage range 524, the tunneling-hysteretic-resistor 
junction transitions from the high-conductance state 506 
back to the low-conductance state 508. The change in 
conductance state of a tunneling-hysteretic-resistor junction 
may be modeled as a change in the junction's quasiconduc 
tance k. 

0048 Tunneling resistors have a number of properties in 
common with linear resistors. For example, the total current 
flowing through a bundle of m parallel linear resistors, each 
with an identical conductance g, is the Sum of the currents 
flowing through each resistor, and can be represented by a 
single linear resistor with a conductance mg. FIG. 6A illus 
trates a number of parallel tunneling resistors 600, where 
each tunneling resistor has an identical scale factor ao and 
quasi-conductance ko. In FIG. 6A, each tunneling resistor 
602 provides a path for current to flow from source voltage 
V, 604 to ground 606. The total current, I, flowing 
from the source V, 604 to the ground 606 is evenly divided 
into m paths, each path carrying the same current I. As a 
result, the total current flowing through the parallel tunnel 
ing resistors 600 is given by: 
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which shows that the number of parallel tunneling resistors 
can be represented by a single equivalent tunneling resistor 
with the scale factor ao and quasi-conductance mko. 
0049 Tunneling resistors can also be connected in series 
and used to fabricate voltage dividers. FIG. 6B illustrates a 
voltage divider composed of two tunneling resistors. In FIG. 
6B, the top tunneling resistor 610 and the bottom tunneling 
resistor 612 divide the total voltage between the source 604 
and the ground 606 as follows: 

where V is the Voltage across the top resistor 610, and V is 
the voltage across the bottom resistor 612. The current 
flowing through the top tunneling resistor 610 equals the 
current flowing through the bottom tunneling resistor 612 
and is represented by: 

k sin h(av)=k sin h(av) 

A wire 614 connected to a wire that connects the top 
tunneling resistor 610 and the bottom tunneling resistor 612 
has a Voltage equal to the Voltage across the tunneling 
resistor 610 subtracted from the total voltage, V-V, or, in 
other words, the voltage across tunneling resistor 612. The 
voltage carried by the wire 614 is: 

sinh(avT) 

2 + sinh(avT) 
k 

where the wire 614 is assumed not to be carrying any load. 
0050. The nonlinear properties of the tunneling resistors 
can be used to amplify a current passing through a selected 
crossbar junction. For example, two identical linear resistors 
in a series produce twice the resistance. As a result, the 
current flowing through each of the linear resistors in the 
series is half of what would flow if the same voltage V was 
applied across just one of the linear resistors. In other words, 
Substituting a series pair of linear resistors for a single linear 
resistor reduces the current by one-half. 
0051. By contrast, for nonlinear-tunneling resistors oper 
ating in the exponential region, Substituting a series pair of 
identical nonlinear-tunneling resistors for a single nonlinear 
tunneling resistor has a different result. Each nonlinear 
tunneling resistor in the series carries half the Voltage, V/2. 
which results in a drastic reduction in the current by a factor 
that depends on the voltage V and the parameters of the 
tunneling resistor. Consider the nonlinear-tunneling resistor 
represented by the current-versus-voltage curve 406 shown 
in FIG. 4. Putting a voltage V* 414 across the nonlinear 
tunneling resistor produces a current I* 416. However, when 
two of the same nonlinear-tunneling resistors are substituted 
in a series for the single nonlinear-tunneling resistor, so that 
each of the nonlinear tunneling resistors receives half the 
voltage (0.5V) 418, the current Is flows through the series 
pair, which is due to the nonlinear properties of the nonlin 
ear-tunneling resistor and is considerably Smaller than half 
the current I*, 0.5 I*422. For a numerical example, consider 
a nonlinear-tunneling resistor with parameters a 3, k=10. 
Putting a full 3 V drop across the single nonlinear-tunneling 
resistor produces a current of 40 LA. By contrast, Substitut 
ing two of the same nonlinear-tunneling resistors in series 
for the single nonlinear-tunneling resistor results in each of 
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the nonlinear-tunneling resistors carrying 1.5 V and the 
current flowing through the series pair is 0.45 LA, which is 
a reduction of the current by about 2 orders of magnitude. 

Nanoscale Crossbar-Memory Arrays 

0052. In the current subsection, a combined microscale/ 
nanoscale electronic memory device is discussed. FIG. 7 
shows a diagram of a combined nanoscale/microscale elec 
tronic memory device. The combined microscale/nanoscale 
electronic memory device 700 interfaces to an external 
electronic environment through reference Voltage signal 
lines 702 and through two sets of address signal lines 704 
and 706. The memory elements within the combined micros 
cale/nanoscale electronic memory device 700 can logically 
be considered to compose a two-dimensional array, with 
each memory element specified by a pair of coordinates 
(x,y), where the X coordinate specifies the column of the 
two-dimensional array inhabited by the memory element 
and the y coordinate specifies the row of the two-dimen 
sional array inhabited by the memory element. The set of 
address signal lines 706 may be used to specify one of 2 
two-dimensional memory-element-array rows, where p is 
the number of address signal lines in the set of address signal 
lines 706, and the set of address signal lines 704 specifies 
one of 2 columns in the logical, two-dimensional array of 
memory elements, where q is the number of address signal 
lines in the set of address signal lines 704. Although the 
dimensions p and q of the two-dimensional array of memory 
elements need not be equal, in the following discussion, both 
dimensions will be assumed to be equal to p, in the interest 
of notational brevity. 
0053. The external sets of address signal lines 704 and 
706 are electronically used within the electronic memory 
device 700 to select a column and row of nanowire-crossbar 
memory arrays, and therefore a particular nanowire-cross 
bar-memory array, and to select a particular row or column 
within a selected nanowire-crossbar-memory array. For 
example, in one configuration, the upper three address signal 
lines 708 of the set of address signal lines 706 may specify 
one of seven horizontal rows 710-716 of nanowire-crossbar 
memory arrays, and the upper three address signal lines 718 
of the set of address signal lines 704 may specify one of six 
vertical columns 720-725 of crossbar-memory systems. The 
lower three address signal lines 726 in the set of address 
signal lines. 706 specify a particular row of nanoscale 
memory elements within a selected crossbar-memory sys 
tem, and the lower three address signal lines 728 in the set 
of address signal lines 704 specifies a particular column of 
nanoscale memory elements within a selected crossbar 
memory system. Note that, in general, a larger number of 
input address signal lines would be employed to address a 
larger number of columns and rows of crossbar-memory 
systems than shown in FIG. 7, as well as a larger number of 
nanoscale-memory-element rows and columns within each 
crossbar-memory system. The Small number of input 
address lines shown in FIG. 7 is chosen for illustration 
convenience only. 
0054 Each row and column of crossbar-memory systems 

is accessed through an encoder 730-742. The encoder 
receives, in FIG. 7, the high-order three input address signal 
lines and outputs a larger number of microscale signal lines. 
For example, encoder 737 receives three address signal lines 
744 directly interconnected with the high-order input 
address signal lines 728, and outputs five microscale signal 



US 2008/00891 10 A1 

lines 746. The address signal lines output by an encoderpass 
through all of the crossbar-memory systems within the 
column or row and are accessed via the encoder. For 
example, the five microscale signal lines 746 output by the 
encoder 737 pass through crossbar-memory systems 750 
756. Each crossbar-memory system is also connected to two 
reference Voltage signal lines. For example, crossbar 
memory system 750 is connected to the reference voltage 
through reference-voltage signal lines 758 and 760. 
0055. The input address signal lines may be microscale 
address signal lines, or may have even larger dimensions. 
The microscale signal lines are generally microelectronic or 
Submicroelectronic signal lines and can be produced by 
currently available photolithographic techniques. The cross 
bar-memory systems, by contrast, are composed of nanos 
cale wires, or nanowires. Nanowires have cross-sectional 
diameters of less than 100 nanometers, while submicroelec 
tronic signal lines have cross-sectional diameters of greater 
than 100 nanometers. Therefore, there are two nanoscale 
interconnection interfaces within each crossbar-memory 
system. In general, the circuitry within the encoders 730-742 
is significantly more complex than the circuitry within the 
crossbar-memory systems. However, each encoder provides 
access to an entire row or column of crossbar-memory 
systems, so that only a fraction of the area of an encoder 
needs to be allocated to any one memory crossbar. As is 
discussed below, in great detail, defect and fault-tolerant 
nanoscale interconnection interfaces are facilitated by the 
supplemental address signal lines output by each encoder. 
0056 FIG. 8 shows an abstract representation of a cross 
bar-memory system within a combined nanoscale/micros 
cale electronic memory device. The crossbar-memory sys 
tem 800 is composed of a nanowire crossbar 802 with a 
similarly sized region 804 of horizontally extending nanow 
ires and a similarly sized region 806 of vertically extending 
nanowires. A vertical column 808 of microscale signal lines 
passes over the region of horizontally extending nanowires 
804, with crossbar junctions interconnecting microscale 
signal lines with particular horizontal extending nanowires. 
In alternative embodiments of the present invention, resis 
tive ohmic connections, semi-conductor gate connections, or 
other types of physical methods at nanowire-crossbar junc 
tions may be employed to determine the signals on the 
nanowires 804. Similarly, a horizontal set 810 of microscale 
signal lines passes over the region 806 of vertically extend 
ing nanowires, with the horizontal microscale address signal 
lines selectively interconnected via crossbar junctions, to 
selected vertically extending nanowires. Each unique pattern 
of ON and OFF voltages, or, equivalently, HIGH and LOW 
Voltages, on the set of vertical internal microelectronic 
address signal lines 808 uniquely addresses a particular, 
horizontally extending nanowire, and places that selected 
nanowire at a significantly different Voltage than the remain 
ing horizontally extending nanowires. Similarly, each dif 
ferent pattern of ON and OFF voltages on the set 810 of 
horizontal internal microelectronic address signal lines 
selects a unique vertically extending nanowire, and places 
that selected vertically extending nanowire at a significantly 
different Voltage than the remaining vertically extending 
nanowires. The selected horizontally extending nanowire 
and the selected vertically extending nanowire are intercon 
nected at a single overlap point within the nanowire crossbar 
802, and the nanowire-crossbar junction at that overlap point 
is given a different differential voltage drop than all other 
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nanowire-crossbar junctions within the nanowire crossbar 
via the pattern of ON and OFF voltages present on the set of 
vertical and horizontal microscale signal lines 808 and 810. 
0057. A variety of different types of nanowire crossbars 
have been designed and prototyped in laboratories around 
the world. Different types of nanowire crossbars have dif 
ferent chemical and physical properties at the nanowire 
crossbar junctions within the nanowire crossbar 802. Ini 
tially, significant efforts were directed to developing diode 
like nanowire-crossbar junctions that provide good Voltage 
margins and that prevent many undesirable signal paths 
within a nanowire crossbar. However, diode-like junctions 
have proven to be difficult to reliably manufacture. Cur 
rently, a large effort is being devoted to designing and 
fabricating nanowire crossbars with tunneling-hysteretic 
resistor junctions. 
0.058 FIG. 9 illustrates a portion of a grid-like nanowire 
crossbar 900 featuring tunneling-hysteretic-resistor junc 
tions, as described above with reference to FIG. 5. The 
nanowire crossbar 900 can be a portion of a crossbar 
memory array of a crossbar-memory system. As shown in 
FIG. 9, the nanowire crossbar comprises a first set of parallel 
nanowires 902-909 and an overlying, second set of parallel 
nanowires 910-914 roughly orthogonal to the first set of 
parallel nanowires 902-909. As shown in FIG. 9, each 
nanowire of the second set of overlying, parallel nanowires 
910-914 is connected to each nanowire of the first set of 
nanowires 902-909 via a single hysteretic resistor, such as 
hysteretic resistor 916 interconnecting nanowire 914 with 
underlying nanowire 904. Each hysteretic resistor has at 
least two different, stable resistance states. A relatively 
low-conductance state is arbitrarily assigned the Boolean 
value or memory state “0” and a relatively high-conduc 
tance state is assigned the Boolean value or memory state 
“1.” Thus, each hysteretic-resistor nanowire-crossbar junc 
tion, or memory element, can store a single bit of informa 
tion. The resistance State of a tunneling-hysteretic-resistor 
junction can be reversibly switched from the low-conduc 
tance state to the high-conductane state and from the high 
conductance state to the low-conductance state by applying 
a relatively large Voltage across the tunneling-hysteretic 
resistor junction, as describe above with reference to FIG. 5. 
0059 FIG. 10 illustrates the microscale/nanoscale cross 
bar and encoder of a microscale/nanoscale encoder-demul 
tiplexer that is used, in combination with another micros 
cale/nanoscale encoder-demultiplexer, to address individual 
nanowire-crossbar junctions of a nanowire crossbar 
memory array in nanoscale-memory-array embodiments of 
the present invention. The encoder 1002 receives an input 
address a (not shown in FIG. 10) and outputs a nanowire 
selection Voltage pattern u on a number of microscale signal 
lines 1004-1010. The microscale signal lines 1004-1010 are 
selectively interconnected with nanowires. Such as nanowire 
1014, through nonlinear-tunneling resistors, such as resis 
tive junction 1016, described above with reference to FIG. 
4. Unlike in the case of the nanowire crossbar, discussed 
above with reference to FIG. 9, the resistive microscale/ 
nanoscale junctions of the microscale/nanowire crossbar 
portion of an encoder-demultiplexer do not need to be 
reversibly switched between different resistance states. 
Instead, the pattern of interconnections between microscale 
signal lines 1004-1010 and nanowires, such as nanowire 
1014, result in electronic selection of a single nanowire from 
among a large number of nanowires that can each be 
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separately addressed by the microscale/nanoscale encoder 
demultiplexer. Thus, the nanowire crossbar employed as a 
nanoscale crossbar-memory array includes nonlinear-tun 
neling-hysteretic resistors at each junction, the resistance 
states of which can be reversibly changed in order to store 
information, while the junctions between microscale output 
signal lines and nanowires in the microscale/nanowire cross 
bar of a microscale/nanoscale encoder-demultiplexer are 
either manufactured to contain nonlinear-tunneling resistors, 
manufactured to contain no interconnection, or are stably 
configured at a time after manufacturing. 

Mathematical Description of Selected Error-Control 
Encoding Techniques 

0060 Embodiments of the present invention employ con 
cepts derived from well-known techniques in error-control 
encoding. This Subsection provides background information 
on error-correcting codes, and may be skipped by those 
familiar with these topics. An excellent reference for this 
field is the textbook "Error Control Coding: The Fundamen 
tals and Applications.” Lin and Costello, Prentice-Hall, 
Incorporated, New Jersey, 1983. In this subsection, a brief 
description of the error-detection and error-correction tech 
niques used in error-control encoding are described. Addi 
tional details can be obtained from the above-referenced 
textbook, or from many other textbooks, papers, and journal 
articles in this field. The current subsection represents a 
rather mathematically precise, but concise, description of 
certain types of error-control encoding techniques. The 
current invention employs concepts inherent in these error 
control encoding techniques for a different purpose. 
0061 Error-control encoding techniques systematically 
introduce Supplemental bits or symbols into plain-text mes 
sages, or encode plain-text messages using a greater number 
of bits or symbols than absolutely required, in order to 
provide information in encoded messages that allows for 
errors arising in storage or transmission to be detected and, 
in some cases, corrected. One effect of the Supplemental or 
more-than-absolutely-needed bits or symbols is to increase 
the distance between valid codewords, when codewords are 
viewed as vectors in a vector space and the distance between 
codewords is a metric derived from the vector subtraction of 
the codewords. The current invention employs concepts 
used in error-control coding to add supplemental address 
signal lines to increase the distance between valid addresses 
in order to correspondingly increase the signal separation, 
e.g. voltage or current, between ON and OFF states of 
address signal lines and to provide defective-junction toler 
ance in interface interconnections. Thus, in the current 
invention, the plain-text and encoded messages of error 
control encoding are analogous to input addresses and coded 
addresses, and the additional or greater-number-than-needed 
symbols or bits in error-control encoding are analogous to 
Supplemental or a greater-than-absolutely-needed number of 
internal address signal lines. 
0062. In describing error detection and correction, it is 
useful to describe the data to be transmitted, stored, and 
retrieved as one or more messages, where a message LL 
comprises an ordered sequence of k symbols, u, that are 
elements of a field F. A message L can be expressed as: 

l(Ilo 11 . . . 4-1) 

The field F is a set that is closed under multiplication and 
addition, and that includes multiplicative and additive 
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inverses. It is common, in computational error detection and 
correction, to employ fields comprising a Subset of integers 
with sizes equal to a prime number, with the addition and 
multiplication operators defined as modulo addition and 
modulo multiplication. In practice, a binary field, Such as 
{0,1}, is often employed. The original message is encoded 
into a message c that also comprises an ordered sequence of 
in elements of the field F, expressed as follows: 

C-(Co, C1, . . . c. 1) 

0063 Block encoding techniques encode data in blocks. 
In this discussion, a block can be viewed as a message LL 
comprising a fixed number of symbolsk that is encoded into 
a message c comprising an ordered sequence of n symbols. 
The encoded message c generally contains a greater number 
of symbols than the original message L, and therefore n is 
greater than k. The r extra symbols in the encoded message, 
where r equals in-k, are used to carry redundant check 
information to allow for errors that arise during transmis 
Sion, storage, and retrieval to be detected with an extremely 
high probability of detection and, in many cases, corrected. 
I0064. In a linear block code, 2 codewords form a k-di 
mensional Subspace of the vector space of all n-tuples over 
the field F. The Hamming weight of a codeword is the 
number of non-zero elements in the codeword, and the 
Hamming distance between two codewords is the number of 
elements in which the two codewords differ. For example, 
consider the following two codewords a and b, assuming 
elements from the binary field: 

a=(10011), and 

b=(10001) 

The codeword a has a Hamming weight of 3, the codeword 
b has a Hamming weight of 2, and the Hamming distance 
between codewords a and b is 1, since codewords a and b 
differ only in the fourth element. The distance between the 
two codewords a and b from the binary field can alterna 
tively be defined using the Hamming weight as: 

where w refers to the Hamming weight of the exclusive OR 
(XOR) of codewords a and b, and the Hamming weight 
can alternatively be can be computed as the Hamming 
distance between the codeword and an all-0-bit codeword of 
the same codeword length. Linear block codes are often 
designated by a three-element tuple n, k, d, where n is 
the codeword length, k is the message length, or, equiva 
lently, the base-2 logarithm of the number of codewords M. 
and d is the minimum Hamming distance between dif 
ferent codewords, equal to the minimal-Hamming-weight, 
non-Zero codeword in the code. 

0065. The encoding of data for transmission, storage, and 
retrieval, and Subsequent decoding of the encoded data, can 
be notationally described as follows, when no errors arise 
during the transmission, storage, and retrieval of the data: 

where c(s) is the encoded message prior to transmission, and 
c(r) is the initially retrieved or received, message. Thus, an 
initial message L is encoded to produce encoded message 
c(s) which is then transmitted, stored, or transmitted and 
stored, and is then Subsequently retrieved or received as 
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initially received message c(r). When not corrupted, the 
initially received message c(r) is then decoded to produce 
the original message L. As indicated above, when no errors 
arise, the originally encoded message c(s) is equal to the 
initially received message c(r), and the initially received 
message c(r) is straightforwardly decoded, without error 
correction, to the original message L. 
0066. When errors arise during the transmission, storage, 
or retrieval of an encoded message, message encoding and 
decoding can be expressed as follows: 

Thus, as stated above, the final message u(r) may or may not 
be equal to the initial message LL(S), depending on the fidelity 
of the error detection and error correction techniques 
employed to encode the original message u(s) and decode or 
reconstruct the initially received message c(r) to produce the 
final received message u(r). Error detection is the process of 
determining that: 

while error correction is a process that reconstructs the 
initial, encoded message from a corrupted initially received 
message: 

0067. The encoding process is a process by which mes 
sages, symbolized as L. are transformed into encoded mes 
sages c. Alternatively, a message L can be considered to be 
a word comprising an ordered set of symbols from the 
alphabet consisting of elements of F, and the encoded 
messages c can be considered to be a codeword also com 
prising an ordered set of symbols from the alphabet of 
elements of F. A word u can be any ordered combination of 
k symbols selected from the elements of F, while a codeword 
c is defined as an ordered sequence of n symbols selected 
from elements of F via the encoding process: 

0068 Linear block encoding techniques encode words of 
length k by considering the word L to be a vector in a 
k-dimensional vector space, and multiplying the vector u by 
a generator matrix, as follows: 

Notationally expanding the symbols in the above equation 
produces either of the following alternative expressions: 

(Co., C1, ... , C-1) = 

800 801 802 ''' 30,n-1 

(40 kt1, . . . . k-1) 
3k-1.0 3k-1.1 3k-1,2 3k-1,n-1 

80 

81 
(Co., C1, . . . . Cn-1) = (440, #1. . . . . k-1) 

8k-1 

where g; (gio 9, 9.2 . . . gi-1). 
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0069. The generator matrix G for a linear block code can 
have the form: 

Poo Po. . . . po-1 1 0 0 ... O 
P1.0 P1.1 p1 1 0 1 0 ... O 

0 0 1 O 
Gin = 

pk-1.0 Pk-1.1 Pk-1-1 0 0 0 ... 1 

or, alternatively: 

G., = IP...) 

Thus, the generator matrix G can be placed into a form of a 
matrix P augmented with a k by kidentity matrix I. A code 
generated by a generator in this form is referred to as a 
“systematic code.” When this generator matrix is applied to 
a word LL, the resulting codeword c has the form: 

C-(Coel, . . . C-1 lolli: . . . . ;-) 

where c. (loport-lipi, - - - !---P-1). 

Note that, in this discussion, a convention is employed in 
which the check symbols precede the message symbols. An 
alternate convention, in which the check symbols follow the 
message symbols, may also be used, with the parity-check 
and identity Submatrices within the generator matrix inter 
posed to generate codewords conforming to the alternate 
convention. Thus, in a systematic linear block code, the 
codewords comprise r parity-check symbols c, followed by 
the symbols comprising the original word L. When no errors 
arise, the original word, or message L. occurs in clear-text 
form within, and is easily extracted from, the corresponding 
codeword. The parity-check symbols turn out to be linear 
combinations of the symbols of the original message, or 
word L. 
0070. One form of a second, useful matrix is the parity 
check matrix defined as: 

or, equivalently, 

1 0 0 ... O -po.0 -p10 - p2.0 Pk-10 
0 1 0 ... O -pol -p1.1 -p2. Pk-11 

H = 0 0 1 ... O -po.2 -p1.2 -p2.2 -pk-12 

0 0 0 ... 1 - Po. 1 - P1-1 -po- ' ' ' - PK-1-1 

The parity-check matrix can be used for systematic error 
detection and error correction. Error detection and correc 
tion involves computing a syndrome S from an initially 
received or retrieved message c(r) as follows: 
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where H represents the transpose of the parity-check matrix 
H., expressed as: 

1 O O O 

O 1 O O 

O O 1 O 

: 1 

H = -poo -po, -po.2 P0-1 
-P10 - Po. 1 - Po2 Po-1 

-P20 - Po. 1 - Po2 Po-1 

Pk-10 Pk-11 PK-12 Pk-1-1 

Note that, when a binary field is employed, x=-X, so the 
minus signs shown above in H are generally not shown. 
0071 Hamming codes are linear codes created for error 
correction purposes. For any positive integer m greater than 
or equal to 3, there exists a Hamming code having a 
codeword length n, a message length k, number of parity 
check symbols r, and minimum Hamming distance d, as 
follows: 

raira 

The parity-check matrix for a Hamming Code can be 
expressed as: 

where I is an mxm identity matrix and the Submatrix Q 
comprises all 2'-m-1 distinct columns which are m-tuples 
each having 2 or more non-zero elements. For example, for 
m=3, a parity-check matrix for a 7.4.3 linear block Ham 
ming code is 

1 O O O 1 1 1 

H - 0 1 0 1 1 1 0 
0 0 1 1 0 1 1 

A generator matrix for a Hamming code is given by: 
G=/QIn 

where Q is the transpose of the submartix Q, and In 
is a (2'-m-1)x(2'-m-1) identity matrix. By systematically 
deleting 1 columns from the parity-check matrix H, a parity 
check matrix H' for a shortened Hamming code can gener 
ally be obtained, with: 
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0072 Other types of codes are employed to increase the 
Hamming distance between codewords in various applica 
tions. Many of these alternative codes do not have the 
convenient properties of linear block codes, including easy 
generation using generator matrices, and the transparent, 
pass-through feature of linear block codes allowing for the 
encoded value to be directly read from the codeword. For 
linear block codes, a plain-text message transfers directly to 
a codeword containing, in addition, parity-check symbols or 
bits. In other types of codes, the plain-text message is not 
directly readable in a corresponding codeword. In both 
cases, codewords contain a greater number of symbols or 
bits than absolutely needed to enumerate all valid messages 
to be encoded. In the case of linear block codes, the 
additional symbols or bits are parity-check symbols or bits 
that supplement the plain-text symbols or bits, while in the 
other types of codes, valid messages are distributed through 
out a vector space of dimension equal to the codeword size. 
0073 Combinatoric codes provide a straightforward 
approach to increasing the Hamming distance between code 
words. To create a combinatoric code (also known as a 
“constant-weight code' or an “r-hot code'), one may select 
combinations of r bits having a fixed number of 1s from a 
total codeword space of n bits to produce 

n 

codewords of length n. Of course, one can produce a 
symmetrical code with an identical number of codewords by 
choosing combinations of r bits having a fixed number of 0s 
from a total codeword space of n bits. For example, a 
combinatoric code including 

11 
= -- = 165 3 - 3 (113) 

codewords can be obtained by choosing all possible 11-bit 
codewords with exactly three bits having the value 1.' The 
165 codewords are provided in the following Table 1: 

TABLE 1. 

111OOOOOOOO 1101 OOOOOOO 11 OO1 OOOOOO 11 OOO1 OOOOO 11 OOOO1OOOO 11 OOOOO1 OOO 
11 OOOOOO1 OO 11OOOOOOO1O 11 OOOOOOOO1 1011 OOOOOOO 10101OOOOOO 101001 OOOOO 
101OOO1 OOOO 101 OOOO1 OOO 101 OOOOO1OO 101OOOOOO10 101OOOOOOO1 1 OO11 OOOOOO 
100101OOOOO 1001001 OOOO 1001OOO1 OOO 1001 OOOO1 OO 1001 OOOOO10 1001OOOOOO1 
1OOO11 OOOOO 1000101 OOOO 10001 OO1 OOO 10001OOO1 OO 10001OOOO10 1 OOO1 OOOOO1 
1OOOO11OOOO 10000101 OOO 10OOO1 OO1OO 10OOO1OOO10 10OOO1 OOOO1 1 OOOOO11 OOO 
1OOOOO101 OO 10OOOO1 OO10 1 OOOOO1 OOO1 1 OOOOOO11 OO 10OOOOO1010 1 OOOOOO1 OO1 
1OOOOOOO110 1 OOOOOOO101 1 OOOOOOOO11 O111 OOOOOOO O1101OOOOOO O11 OO1OOOOO 
O11OOO1OOOO O11 OOOO1 OOO O11 OOOOO1 OO O11OOOOOO10 O11OOOOOOO1 O1011 OOOOOO 
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TABLE 1-continued 

O10101OOOOO O101001 OOOO O101OOO1 OOO O101OOOO1OO O101OOOOO10 
O1 OO11OOOOO O100101 OOOO O1001001 OOO O1OO1 OOO100 01001 OOOO10 
O1OOO11 OOOO O1OOO101OOO O1OOO1 OO1OO O1OOO1 OOO10 O1OOO1OOOO1 
O1OOOO101OO O1OOOO1 OO10 O1OOOO1OOO1 O1OOOOO1100 01OOOOO1010 
O1OOOOOO110 O1OOOOOO101 O1OOOOOOO11 OO111 OOOOOO OO1101OOOOO 
OO11OOO1OOO OO11 OOOO100 OO11 OOOOO10 OO11OOOOOO1 OO1011OOOOO 
OO101001000 OO101 OOO100 OO101OOOO10 OO101 OOOOO1 OO1 OO11 OOOO 
OO100100100 OO1 OO1OOO10 OO1 OO1 OOOO1 OO1 OOO11 OOO OO1 OOO101 OO 
OO1 OOO1 OOO1 OO1OOOO1100 OO1OOOO1010 OO1 OOOO1 OO1 OO1 OOOOO110 
OO1 OOOOOO11 OOO111 OOOOO OOO1101OOOO OOO11 OO1 OOO OOO11 OOO1 OO 
OOO11 OOOOO1 OOO1011 OOOO OOO10101000 OOO10100100 OOO101OOO10 
OOO 10011000 OOO10010100 OOO10010010 OOO1 OO1OOO1 OOO1OOO1100 
OOO1OOO1 OO1 OOO1 OOOO110 OOO1 OOOO1O1 OOO1OOOOO11 OOOO111 OOOO 
OOOO1100100 OOOO11 OOO10 OOOO11 OOOO1 OOOO1011000 OOOO1010100 
OOOO101 OOO1 OOOO1 OO1100 OOOO1001010 OOOO1 OO1 OO1 OOOO1 OOO110 
OOOO1 OOOO11 OOOOO111000 OOOOO110100 OOOOO11 OO10 OOOOO11 OOO1 
OOOOO101010 OOOOO101001 OOOOO1 OO110 OOOOO100101 OOOOO1OOO11 
OOOOOO11010 OOOOOO11 OO1 OOOOOO10110 OOOOOO10101 OOOOOO1 OO11 
OOOOOOO1101 OOOOOOO1011 OOOOOOOO111 

It is somewhat more complex to encode messages into 
combinatoric codes, but the logic to do so may be straight 
forwardly constructed at the logic-circuit level. Combina 
toric codes have a guaranteed minimum Hamming distance 
of 2, and may have significantly better average Hamming 
distance separations between codewords. For example, in 
the above Cs' code, the average Hamming distance 
between codewords is 4.39. Combinatoric codes also have 
an advantage in producing total signal distinguishability 
within relatively narrow ranges, since these codes have 
constant weights, where the weight is defined as the number 
of bits having the value Another, similar type of code, 
referred to as a “random code, is obtained by choosing 
random codewords of a fixed length. For example, one can 
choose a fixed-length, binary, n-bit codeword size, and select 
a sufficient number of random n-bit binary numbers in order 
to obtain a desired number of binary codewords 2', where n 
>Ak. The greater the value of A, the greater the expected 
minimum Hamming distance between the codewords. When 
creating random codes, distance checking can be carried out 
to reject new codewords that have a Hamming distance less 
than a minimum value with respect to those codewords 
already selected, and random codewords having approxi 
mately equal numbers of “1” and “O'” bits can be used in 
order to obtain an increased average Hamming distance and 
increased expected minimum Hamming distance. 
0074 Yet another type of code that may be employed in 
the methods and systems of the present invention is a 
random linear code. In a random linear code, the generator 
matrix is randomly generated, under linearity constraints, 
rather than generated as the combination of a parity-check 
matrix generated from linear Sums of information elements 
that represent parity-check sums, and an identity matrix. A 
random linear block code is generally not systematic, but 
linear. 
0075. A complementary repeated code that is based on a 
linear block code, and each codeword is constructed by 
appending the complement of each codeword in the linear 
block code to the codeword. The complementary repeated 
code generated in this fashion from a n, k.d. linear code 
can be used to generate a constant-weight code. A constant 
weight code comprises all codewords with the same weight 
w, represented as (n, M. d, w). Constant-weight codes are 
a Superclass of complementary repeated codes. However, 
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O101OOOOOO1 
O1 OO1OOOOO1 
O1 OOOO11 OOO 
O1 OOOOO1OO1 
OO11 OO1OOOO 
OO 10101 OOOO 
OO 100101000 
OO1OOO1 OO10 
OO1OOOOO101 
OOO11OOOO10 
OOO101OOOO1 
OOO1 OOO1010 
OOOO1101 OOO 
OOOO1010010 
OOOO1OOO101 
OOOOO101100 
OOOOOO11100 
OOOOOOO1110 

unlike complementary repeated codes, there are generally no 
simple matrix generators for constant-weight codes, 
although a certain class of relatively inefficient constant 
weight codes can be generated from complementary 
repeated codes. Constant-weight codes are well-known 
error-control-encoding codes, and many examples of con 
stant-weight codes with desirable properties have been 
developed and published. 
0076 For the purposes of the current discussion, con 
stant-weight codes can be represented by code tables. FIG. 
11 shows a table 1,102 representing a constant-weight 
error-control-encoding code. The table 1102 includes a first 
column 1104 containing a list of addresses a-a- and a 
second column 1106 containing a list of corresponding 
codewords u-u. Thus, there is a unique codeword u, that 
corresponds to each address a. In the table 1102, the first 
five rows 1108 contain addresses and corresponding code 
words represented as binary numbers, while the remaining 
rows show symbolic representations of the addresses and 
corresponding codewords. The addresses all have a fixed 
length of q binary digits, and the codewords all have a fixed 
length of n binary digits. The number of codewords in the 
constant-weight code is M, or, in other words, the length of 
the table. In many linear block codes, code sizes are exact 
powers of two. Constant weight codes, by contrast, are not. 
Therefore, while q=log-M for many linear block codes, q is 
generally equal to ceiling(logM) for constant weight codes. 
0077. As will be discussed, below, embodiments of the 
present invention involve employing constant-weight codes 
to define nanowire addresses in combined microscale/nanos 
cale encoder demultiplexers. The Voltages on the nanowires 
can be described in terms of a distance profile and a distance 
distribution of the code used to address the nanowires. FIGS. 
12A-12B illustrate determination of a distance profile and a 
distance distribution for an example constant-weight code: 

(4.6.2.2)={1100,1010,10010110,0101.0011} 

FIG. 12A shows a table 1200 of distances between all pairs 
of the codewords. The codewords comprising the constant 
weight code (4.6.2.2) are located along the top row 1202 and 
along the left-most column 1204. Each codeword along the 
top row 1202 labels a column, and each codeword along the 
left-most column 1204 labels a row. Each table entry cor 
responds to an intersection between a column and a row, and 
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the integer value in each table entry is the Hamming distance 
between the codeword labeling the column and the code 
word labeling the row. For example, the Hamming distance 
between the codeword “1010 1206 and the codeword 

“0011’ 1208 is “2 at table entry 1210. Note that all of the 
table entries along the upper-left-hand-to-lower-right-hand 
diagonal 1212 are “0” because the diagonal table entries 
correspond to the distance from each codeword to itself. The 
maximum possible distance between any two codewords is 
“4” which corresponds to table entries located along the 
lower-left-hand-to-upper-right-hand diagonal 1214. 
0078. The distance profile of a code is a set of distinct 
distances that can occur between all of the codewords and is 
represented as a vector d with the distances arranged in 
ascending order. For example, the distance profile associated 
with the constant-weight code (4.6.2.2) is: 

The distance profile includes the distance to all codewords 
in the code including the distance from a codeword to itself. 
which is “O. 

007.9 The distance distribution, represented by a vector 
m, is the number of codewords in a code at each Hamming 
distance in the distance profiled from a selected codeword. 
The selected codeword can be any one of the codewords in 
the code, and the distance distribution is identical for each 
selected codeword. This is a property of called “distance 
invariance' and is true for all linear codes, and for all 
complementary repeated codes derived from linear codes, 
and it is true for certain constant-weight codes. FIG. 12B is 
a distance distribution plot for a selected codeword in the 
constant-weight code (4.6.2.2). In FIG. 12B, horizontal axis 
1220 is the Hamming distance axis, and vertical axis 1222 
corresponds to the number of codewords in the constant 
weight code (4.6.2.2) at a particular distance from the 
selected codeword. The columns 1224-1226 corresponds to 
the number of codewords in the code (4.6.2.2) with Ham 
ming distances “0” “2, and “4” in the distance profiled, 
respectively, from the selected codeword. For example, 
consider selected codeword "0011’ 1208 labeling the bot 
tom row of the table 1200. The height of the column 1224 
is one unit, which corresponds to the one Hamming distance 
“0” entry in the bottom row of the table 1200. The height of 
the column 1225 is four units which corresponds to the four 
Hamming distance '2' entries in the bottom row of the table 
1200. The height of the column 1226 is one unit which 
corresponds to the one Hamming distances with a '4' entry 
in the bottom row of the table 1200. Note that the distance 
distribution plot shown in FIG. 12B is the same for each of 
the codewords in the constant-weight code (4.6.2.2). The 
distance distribution of any one of the codewords in the 
constant-weight code (4.6.2.2) can be represented by a 
Vector: 
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Note that there is a pair wise correspondence between the 
elements in the distance profile vector d and the elements in 
the distance distribution vector m. For example, for any 
selected codeword in (4.6.2.2). Such as the codeword 
“0011,” the first element “1” in m corresponds to the first 
element in d, which means that there is one codeword at a 
distance equal to “0” from the selected code, the selected 
codeword itself. The second element “4” in m corresponds 
to the second element in d, which means that there are four 
codewords at a distance '2' from the selected codeword, and 
the third element “1” in m corresponds to the third element 
in d, which means that there is one codeword at a distance 
“4” from the selected codeword. 

EMBODIMENTS OF THE PRESENT 
INVENTION 

0080 Various crossbar-memory system embodiments of 
the present invention are described below in section I. 
Various method embodiments for writing information to 
crossbar-memory systems are described below in section II, 
and various method embodiments for reading information 
from crossbar-memory systems are described below in sec 
tion III. 
I0081. Note that, for the sake of simplicity, system and 
method embodiments of the present invention are described 
below with reference to example crossbar-memory systems 
having either a 4x4 or an 8x8 crossbar-memory array. 
However, system and method embodiments of the present 
invention are not limited to Such crossbar-memory systems. 
Those skilled in the art will recognize the system and 
method embodiments of the present invention can include 
larger crossbar-memory systems, such as crossbar-memory 
systems with crossbar-memory arrays having 2"x2" nonlin 
ear-tunneling-hysteretic resistors, where k is any positive 
integer value. 

I. Crossbar-Memory Systems 

I0082 FIG. 13 illustrates an example crossbar-memory 
system 1300 configured to store and retrieve information 
that represents a first embodiment of the present invention. 
The crossbar-memory system 1300 comprises a 9x9 nanow 
ire-crossbar array 1302, a first combined microscale/nanos 
cale encoder-demultiplexer 1304, and a second combined 
microscale/nanoscale encoder-demultiplexer 1306. A non 
linear-tunneling-hysteretic resistor (not shown) is located at 
each crossbar junction of the crossbar array 1302. The 
crossbar array 1302 includes an 8x8 crossbar-memory array 
1308. A column nanowire 1310 and a row nanowire 1312 of 
the crossbar array 1302 are dedicated to serve as wires in a 
switched-based row multiplexer (“mux') 1314 and a column 
mux 1316, respectively, which can both be used to isolate 
selected crossbar memory junctions of the crossbar-memory 
array 1308. For example, the row mux 1314 and column 
mux 1316 can be used isolate a selected crossbar memory 
junction 1318 so that an unknown memory state of the 
selected crossbar memory junction 1318 can be READ. The 
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first encoder-demultiplexer 1304 includes an encoder 1320 
and a demultiplexer 1322, and the second encoder-demul 
tiplexer 1306 includes an encoder 1324 and a demultiplexer 
1326. Both demultiplexers 1322 and 1326 have a set of 
roughly parallel microscale signal lines connected to the 
encoders 1320 and 1324 that overlap the nanowires com 
prising the crossbar array 1302. Nonlinear-tunneling resis 
tors (not shown) are located at selected crossbar junctions of 
the demultiplexers 1322 and 1326. The crossbar-memory 
system 1300 also includes a first microscale wire 1328 and 
a second microscale wire 1330. The first microscale wire 
1328 is connected to an voltage source 1332 at one end and 
the row nanowire 1312 at a crossbar junction 1334, and the 
second microscale wire 1330 is connected to the column 
nanowire 1310 at the crossbar junction 1336 and to a meter 
1338 and ground 1340. Both of the crossbar junctions 1334 
and 1336 are nonlinear-tunneling resistor junctions in a 
high-conductance state. The meter 1338 represents a current 
measurement circuit which measures and records the current 
carried by the wire 1330. The crossbar junction 1342 is in a 
low-conductance state. 

0083. In alternate embodiments of the present invention, 
the column muX and row muX may be separated spatially 
from the crossbar array and can be made with wires having 
cross-sectional dimensions ranging from the nanoscale to 
microScale in order to lower the impedance. In addition, the 
a and k parameters of the nonlinear-tunneling-hysteretic 
resistors connecting the overlapping row and column 
nanowires of the crossbar-memory array can be different 
from the a and k parameters of the nonlinear-tunneling 
hysteretic resistors connecting the row and column wires in 
the row and column muxes. FIG. 14 illustrates an example 
configuration of a crossbar-memory system 1400 that is 
structurally similar to the crossbar-memory system 1300 
shown in FIG. 13 and represents a second embodiment of 
the present invention. In the interest of brevity, structurally 
identical components in both of the crossbar-memory sys 
tems 1300 and 1400 have been provided with the same 
reference numerals and an explanation of their structure and 
function is not repeated. As shown in FIG. 14, the crossbar 
memory system 1400 includes a row mux 1402 and a 
column mux 1404, which, in contrast to the crossbar 
memory system 1300, are separated spatially from the 
crossbar-memory array 1308. The row mux 1402 includes a 
wire 1406, which is connected to each row nanowire of the 
crossbar-memory array 1308 by nonlinear-tunneling-hyster 
etic resistors, and the column mux 1404 includes a wire 
1408, which is connected to each of the column nanowires 
of the crossbar-memory array 1308 by nonlinear-tunneling 
hysteretic resistors. The wire 1406 is connected directly to 
the voltage source 1332, and the wire 1406 is connected 
directly to the meter 1338. The cross-sectional dimensions 
of the wires 1406 and 1408 can range from the nanoscale to 
the microscale or larger, and the nonlinear-tunneling-hys 
teretic resistors of the row and column muxes 1402 and 1404 
can be different from the nonlinear-tunneling-hysteretic 
resistors of the crossbar-memory array 1308. A crossbar 
junction 1410 connecting the wires 1406 and 1408 is in a 
low-conductance State or may be constructed in a permanent 
non-conducting state. 
0084. For the sake of brevity and simplicity, a description 
of addressing nanowires of a crossbar-memory array using 
a particular constant-weight error-correcting code is pro 
vided below with reference to FIGS. 15-17, and a descrip 
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tion of determining voltages output on nanowires of an 
encoder-demultiplexer is described with reference to FIGS. 
18-19. Note that the present invention is not limited to the 
use of constant-weight codes to address nanowires of an 
encoder-demultiplexer. Those skilled in the art will recog 
nize that other types of error-correcting codes, in addition to 
numerous different types of constant-weight codes, can also 
be used to address the nanowires of larger dimensioned 
encoder-demultiplexer. 
I0085 FIG. 15 illustrates an example crossbar-memory 
system 1500 that represents an embodiment of the present 
invention. The crossbar-memory system 1500 includes a 
4x4 crossbar-memory array 1502, a row mux 1504, a 
column mux 1506, a first combined microscale/nanoscale 
encoder-demultiplexer 1508, and a second combined 
microscale/nanoscale encoder-demultiplexer 1510. The 
crossbar-memory array 1504 comprises a set of nearly 
parallel row nanowires 1512-1515 that overlap a set of 
nearly parallel column nanowires 1516-1519. Nonlinear 
tunneling-hysteretic resistors are located at each crossbar 
memory junction of the crossbar-memory array 1504, and 
nonlinear-tunneling resistors are located at selected crossbar 
junctions of demultiplexers 1520 and 1522. The pattern of 
crossbar junctions in the demultiplexers 1520 and 1522 are 
mirror images of one another. The mirror images of the 
pattern of the crossbar junctions in the demultiplexers 1520 
and 1522 can be thought of as follows. Consider an imagi 
nary line of symmetry 1524 that bisects the crossbar 
memory system 1500. In order to obtain a mirror image of 
a crossbar junction in the demultiplexer 1520, first move the 
crossbar junction a distance to the line of symmetry 1524 
along a line that is perpendicular to, and intersects, the line 
of symmetry 1524. Then move the crossbar junction the 
same distance along the perpendicular line to a point on the 
opposite side of the line of symmetry 1524. For example, the 
crossbar junctions 1526 and 1528 are on opposite sides of 
the line of symmetry 1524. The crossbar junctions 1526 and 
1528 are located the same distance from the line of sym 
metry 1524 along a line 1530, which is perpendicular to and 
intersects the line of symmetry 1524. Arranging the nonlin 
ear-tunneling resistors of the demultiplexers as mirror 
images of one another is needed for writing bit “0” and bit 
“1” to crossbar memory junctions of the crossbar-memory 
array, which is described below with reference to FIGS. 
20-22. Note that although the demultiplexers 1520 and 1522 
are mirror images of one another, the configuration of 
nonlinear-tunneling resistors in the demultiplexers 1520 and 
1522 are based on the same constant weight code. 
I0086 FIG. 16 illustrates an enlargement of the micros 
cale/nanoscale encoder-demultiplexer 1508 that represents 
an embodiment of the present invention. The encoder 
demultiplexer 1508 includes the demultiplexer 1520 and an 
encoder 1602. The demultiplexer 1520 comprises a set of 
microscale signal lines 1606-1611 that are selectively inter 
connected to the nanowires 1512-1515 at crossbar junctions 
with nonlinear-tunneling resistors, such as nonlinear-tunnel 
ing resistor 1616. The crossbar junctions are arranged in a 
pattern to address the nanowires 1512-1515 in accordance 
with a (6.4.4.3) constant-weight code comprising the code 
words 000111,011 100, 101010, and 110001 with a distance 
profile d=O 4, a distance distribution m=1 3, and a 
Hamming weight w equal to 3. The encoder 1604 receives 
a nanowire addresses a 1618 and outputs a corresponding 
pattern of high and low Voltages, or a pattern of oppositely 



US 2008/00891 10 A1 

polarized Voltages, onto the microscale signal lines 1606 
1611. The pattern of Voltages output on the microscale signal 
lines 1606-1611 from the encoder 1602 is in accordance 
with the same constant-weight code (6.4.4.3) and is repre 
sented by a codeword u 1620. A pattern of voltages output 
from the encoder 1604 results in a number of different 
voltages output from the nanowires 1512-1515. 
0087. The nanowire with an address h that matches the 
codeword u carries the highest Voltage output and is called 
a 'selected nanowire.” The remaining nanowires are called 
“non-selected nanowires.” The address h of each nanowire 
corresponds to the pattern of tunneling-resistor junctions 
interconnecting the nanowire to the microscale signal lines 
1606-1611. The address of a nanowire can be read by 
starting from the left-most microscale signal line, advancing 
to the right most microscale signal line, and representing 
each crossbar junction that includes a tunneling resistor by 
the binary value '1' and representing each crossbar junction 
that does not include a tunneling resistor by the binary value 
“0. For example, the address of the nanowire 1512 is 
determined by starting from the left most microScale signal 
line 1606 and advancing toward the right most microscale 
signal line 1611, which reveals the pattern of tunneling 
resistor junctions “0” “0” “0” “1,” “1,” and “1,” Thus, the 
address h 1622 of the nanowire 1512 is “000111. 
0088. The voltage output from a nanowire receiving a 
pattern of Voltages results from a Voltage-divider effect, as 
described above with reference to FIGS. 6A-6B. FIGS. 
17A-17B illustrate an example of a voltage-divider repre 
sentation of the nanowire 1512 receiving voltages from the 
encoder 1604, in FIG. 16, that represents an embodiment of 
the present invention. FIG. 17A illustrates the nanowire 
1512 of the encoder-demultiplexer 1508 interconnected to 
three microscale signal lines 1509-1511 via tunneling-resis 
tor junctions 1702-1704. In FIG. 17A, a codeword u 1706 
represents a pattern of voltages output by the encoder 1602 
to the microscale signal lines 1606-1611. The voltage cor 
responding to the binary value “1” may be considered to be 
a source Voltage, and the Voltage corresponding to the binary 
value “0” may be considered to be a ground or a voltage 
sink. For example, the binary value “1” can correspond to a 
voltage 2V, and the binary value “0” can correspond to 
ground OV or to a voltage sink at a relative voltage of -2 V. 
I0089 FIG. 17B illustrates a schematic voltage-divider 
representation of the nanowire 1512 of microscale/nanos 
cale demultiplexer shown in FIG. 17A. In FIG. 17B, line 
1708 represents nanowire 1512, upper resistor 1710 repre 
sents the tunneling-resistor junction 1703 that carries a 
voltage corresponding to the binary value “1,” and lower 
resistors 1712 and 1714 represent the tunneling-resistor 
junctions 1702 and 1704, both of which carry voltages 
corresponding to the binary value “0.” Open circle 1716 
represents a Voltage source. A schematic Voltage-divider 
representation of a nanowire interconnected to a number of 
microScale signal lines can be used to determine the Voltage 
output from the nanowire. 
0090 FIGS. 18A-18E3 show a general voltage-divider 
representation of a nanowire interconnected to a number of 
microScale signal lines of an encoder demultiplexer that can 
be used to determine Voltages output from a nanowire and 
that represents one of many embodiments of the present 
invention. In FIG. 18A, line 1802 represents an encoder 
demultiplexer nanowire. The resistors in the upper set of 
parallel resistors 1804 represent tunneling-resistor junctions 
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that interconnect the nanowire 1802 to microscale signal 
lines that each carry a Voltage corresponding to the binary 
value “1,” and the resistors in the lower set of parallel 
resistors 1806 represent tunneling-resistor junctions that 
interconnect the nanowire 1802 to microscale signal lines 
that each carry a voltage corresponding to the binary value 
“0. The tunneling resistors in both the upper and the lower 
sets have identical a and k parameters. The number of 
resistors in the upper and lower sets of parallel resistors 1804 
and 1806 are: 

respectively, where 
0091 w is the weight of the codeword u and the code 
word h, and 
0092 d is the distance between h and u. 
Note that the distance is an even when hand u are codewords 
of constant-weight code. As described above with reference 
to FIG. 6A, the total current flowing through the upper set 
of parallel resistors 1804 is (w-d/2)I, where I is the current 
flowing through each resistor in the upper set of parallel 
resistors 1804, and the total current flowing through the 
lower set of parallel resistors 1806 is (d/2)I, where I is the 
current flowing through each resistor in the lower set of 
parallel resistors 1806. The total voltage, V between volt 
age source 1808 and ground 1810 equals the sum of voltages 
across both sets of parallel resistors 1804 and 1806 and is 
given by: 

v=V+12 

where 

0093 v is the voltage across the upper set of parallel 
resistors 1804, and 
0094 v. is the voltage across the lower set of parallel 
resistors 1806. 

(0095. The upper set of parallel resistors 1804 and the 
lower set of parallel resistors 1806 both operate as a single 
resistor. As a result, the upper set of parallel resistors 1804 
and the lower set of parallel resistors 1806 can both be 
represented by a single resistor called a resistor “bundle.” 
FIG. 18B shows resistor bundle representations 1812 and 
1814 of the upper set of parallel resistors 1804 and the lower 
set of parallel resistors 1806, respectively. The bundled 
voltage-divider representations in FIG. 18B can be used to 
determine the voltage output on the nanowire 1802 as 
follows. According to Kirchoff's Current Law, because the 
resistor bundles 1812 and 1814 are in a series, and because 
nanowire 1802 is assumed to be carrying no current, the 
current flowing through the resistor bundle 1812 equals the 
current flowing through the resistor bundle 1814, which is 
represented by a current equation: 

Since the resistors comprising the upper and lower resistor 
bundles 1812 and 1814 are identical tunneling resistors, the 
tunneling resistor current-versus-Voltage relationships: 
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I=k sin h(av), and 

2-k sin h(av2) 

can be substituted into the current equation above to obtain: 

dY. . d. . 
(w ksinha ', - V2)) = sksinh?ava) 
where 

V1 = vT - v2. 

Solving for the Voltage V gives the Voltage output from the 
nanowire 1802: 

0.096 

Who F a x C d 

2w -d + cosh (avT) 

Note that the demultiplexer nanowire output voltage V, is 
independent of the parameter k. 
0097 FIGS. 19A-19D show voltage outputs from nanow 
ires of an encoder demultiplexer employing tunneling-resis 
tor junctions that represents one of many embodiments of 
the present invention. In FIG. 19A, input address a “00 
1902 is input to the encoder 1404, which outputs the 
codeword u “000111’ 1904 that corresponds to the address 
h of the nanowire 1304, in FIG. 14. The pattern of voltages 
output on the four nanowires of the encoder demultiplexers 
corresponds to the Hamming distances in the distance profile 
d=0 4 described above. For example, in FIG. 19A, the 
selected nanowire 1304 corresponds to the Hamming dis 
tance “O'” in the distance profile d and all three of the 
non-selected nanowires 1305-1307 correspond to the Ham 
ming distance “4” in the distance profile d. As a result, 
according to V, above, the voltage output on the selected 
nanowire 1312 is: 

(s) -( sinh(avT) w = -tanh 
ha cosh(avT) 

The Voltage output on the remaining non-selected nanowires 
1305-1307 is: 

ns) 1 h ( sinh(avT) 
2 + cosh (avT) 

Because the codeword u 1904 matches the nanowire address 
h of the nanowire 1304, the magnitude of the voltage output 
on the selected nanowire 1304 iv,' is larger than the 
magnitude of the Voltage output on the remaining non 
selected nanowires Iv". FIGS. 19B-19D Shows the 
pattern of Voltages output on the nanowires of the same 
encoder demultiplexer shown in FIG. 19A for the input 
addresses “01,” “10,” and “11.” respectively. 
II. Writing to Crossbar-Memory Junctions of a Crossbar 
Memory System 
0098 Various embodiments of the present invention are 
directed to methods for writing to crossbar memory junc 
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tions of crossbar-memory arrays. The nonlinear-tunneling 
hysteretic resistors, which can be configured to function as 
single bit memory elements, are two-terminal devices that 
may be thought of as Voltage controlled variable resistors. 
As described above with reference to FIG. 5, applying a 
high-magnitude Voltage drop to a nonlinear-tunneling-hys 
teretic resistor destroys the resistor, and applying a low 
magnitude Voltage drop leaves the conductance state of the 
nonlinear-tunneling-hysteretic resistor unchanged. On the 
other hand, a moderate-magnitude voltage drop, or “WRITE 
Voltage.' applied to the crossbar memory junction changes 
the conductance state to either a low-conductance state or a 
high-conductance state, where the low-conductance State 
represents a binary value “0” and the high-conductance 
state represents a binary value “1.” As a result, writing to 
crossbar memory junctions of a crossbar-memory array is 
accomplished by delivering a controlled WRITE Voltage to 
a selected crossbar memory junction, while delivering Volt 
ages with magnitudes that are less than the WRITE-voltage 
thresholds IV and Vol to all of the remaining crossbar 
memory junctions of the crossbar-memory array. Each 
crossbar memory junction of a crossbar-memory array 
occurs at the overlap point of a row nanowire and a column 
nanowire, so that the voltages that occur on the 2 output 
nanowires of each of the two demultiplexers define the 
voltage drops across each of the 2x2 nonlinear-tunneling 
hysteretic resistors in the crossbar-memory array. 
0099 FIG. 20 illustrates applying a write voltage to the 
selected crossbar memory junction 1318 of the crossbar 
memory system 1300 shown in FIG. 13 that represents an 
embodiment of the present invention. As shown in FIG. 20. 
the encoders 1320 and 1324 receive a row address 2002 and 
a column address 2004, respectively. The encoder 1320 
produces a voltage pattern u 2006 on the microScale signal 
lines that corresponds to a selected row nanowire 2008, 
which has a Voltage output different from the Voltages output 
on all the remaining non-selected row nanowires, and the 
encoder 1324 produces a voltage pattern t 2010 on the 
microScale signal lines that determines a selected column 
nanowire 2012, which also has a voltage output different 
from the Voltages output on all the remaining non-selected 
column nanowires, as described above with reference to 
FIGS. 16-19. Note that, as described above with reference to 
FIG. 15, the orientation of crossbar junctions (not shown) of 
the two demultiplexers 1318 and 1320 are mirror images of 
one another. As a result, the maximum-magnitude Voltage 
drop at the crossbar memory junctions of the crossbar 
memory array 1308 occurs at the selected crossbar memory 
junction 1318. Also note that in order to accomplish the 
WRITE operation at the selected crossbar memory junction 
1318, the crossbar junctions of the row mux 1314 and the 
crossbar junctions of the column mux 1316 are all in a 
low-conductance state. 

0100. A more detailed example of the WRITE operation 
is described below with reference to the crossbar-memory 
system 1500 shown in FIG. 15. FIG. 21 illustrates writing a 
memory state to a selected crossbar memory junction 2102 
of the crossbar-memory array 1502 that represents an 
embodiment of the present invention. The encoders of the 
encoder -demultiplexers 1508 and 1510 receive external 
addresses a 2102 and b 2104, respectively, which correspond 
to the address of a row nanowire 1512 and the address of a 
column nanowire 1516. As shown in FIG. 21, inputting the 
external address “OO for a 2102 to the encoder of the 
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encoder-demultiplexer 1508 produces a voltage pattern u 
2106 on the microscale signal lines that corresponds to the 
address “000111” of the nanowire 1512. The tunneling 
resistor junctions of the nanowire 1512 each receive the 
same absolute Voltage V, on one side and each of the three 
tunneling-resistor junctions of the remaining non-selected 
nanowires 1513-1515 receives a different voltage V, where 
IV, DIVol. The Voltage output on the selected nanowire 
1512, represented by V., is different from the voltage 
output on each of the three non-selected nanowires, which is 
represented by V.", and the magnitude v, is greater than 
the magnitude IV.". Inputting the address “00” for b 2104 
to the encoder of the encoder demultiplexer 1510 causes the 
tunneling-resistor junctions of the nanowire 1516 to each 
receive the same absolute Voltage V on one side and each 
of the three tunneling-resistor junctions of the remaining 
non-selected nanowires 1517-1519 to receive a different 
voltage V, where IV. DIVol. A voltage pattern t 2108 is 
output on the microscale signal lines. The Voltage output on 
the selected nanowire 1516, represented by V., is different 
from the voltage output on each of the three non-selected 
nanowires, which is represented by V.". As a result, the 
largest Voltage drop occurs at the crossbar memory junction 
2102. Note that the crossbar junctions of the row mux 2110 
and the crossbar junctions of the column mux 2112 are all in 
a low-conductance State. Note that the four Voltages V, 
V, V, and Vo are selected so that the Voltage drop across 
the selected crossbar junction is larger than the Voltage drop 
across non-selected crossbar junctions. This can be accom 
plished by, for example, choosing the four Voltages such that 
V,>V, V dVo, and IV-V51 >IV,o-Vol. 
0101 Assuming that loading does not distort the output 
voltages of the encoder-demultiplexers 1508 and 1510, and 
that the resistance of the nanowires and microscale signal 
lines of the encoder-demultiplexers 1508 and 1510 is neg 
ligible, the Voltage drop across each crossbar memory junc 
tion of the crossbar-memory array 1318 can be approxi 
mated by Subtracting the column nanowire Voltages from the 
row nanowire Voltages. The magnitude of the Voltage dif 
ference v.-vi. at the selected crossbar memory junction 
2102 is greater than the magnitude of the voltage differences 
Iv.-vi. "I, iv,"-vil, and Iv,"-v" at the remaining 
non-selected crossbar memory junctions. 
0102 FIG. 22 shows voltage drops across each crossbar 
memory junction of the crossbar-memory array 1502 that 
represents an embodiment of the present invention. In FIG. 
22, the Voltage drop across each crossbar memory junction 
is identified as a voltage difference obtained by subtracting 
the column-nanowire Voltage from the row-nanowire Volt 
age. Referring to FIG. 5, when the voltage drop V, -V. 
across the crossbar memory junction 2002 is in the WRITE 
“1” voltage range 520, the crossbar memory junction 2102 
is forced into a high-conductance state, and when the Voltage 
drop v.-vacross the crossbar memory junction 2102 is 
in the WRITE 'O' voltage range 524, the crossbar memory 
junction 2102 is forced into a low-conductance state. Pro 
vided the Voltage drops across the remaining crossbar 
memory junctions are within the Voltage range V.V. 
there are no unwanted conductance state changes at the 
non-selected crossbar memory junctions. Therefore, the 
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foregoing process has accomplished writing a data value to 
the addressed memory cell in the memory array. 

III. Reading from Crossbar-Memory Junctions of a Cross 
bar-Memory System 

0103 Various embodiments of the present invention are 
directed to reading an unknown memory state of a selected 
crossbar memory junction of a crossbar-memory array. 
Because data is stored in a crossbar-memory array as high or 
low-conductance states for the nonlinear-tunneling-hyster 
etic resistors at crossbar memory junctions, the memory 
states stored in the crossbar-memory array may affect the 
voltages and currents used to READ the memory state of a 
selected crossbar memory junction. The READ method of 
the present invention is able to determine the memory state 
of a selected crossbar memory junction in spite of the 
variability and unknown memory states of other crossbar 
memory junctions in a crossbar-memory array. In order to 
handle the problem of variability and unknown bits states, 
the READ method includes performing measurements of the 
currents passing through the selected crossbar memory 
junction for different high and low-conductance states of the 
selected crossbar memory junction. The READ method 
includes the following steps. First, a current is passed 
through a selected crossbar memory junction whose 
unknown memory state is desired, and the current Is is 
measured and stored. Note that current may also flow 
through other paths, which may obscure the measurement. 
Next, the WRITE “0” operation is performed in order to 
WRITE the selected crossbar memory junction into a low 
conductance state. A current is passed through the selected 
crossbar memory junction, and the current Io is measured 
and stored. Next, the WRITE “1” operation is performed in 
order to WRITE the selected crossbar memory junction into 
a high-conductance State. A current is again passed through 
the selected crossbar memory junction, and the current I is 
measured and stored. The two currents Io and I are used as 
reference currents to determine whether or not the current 

I indicated that the selected crossbar memory junction was 
in a bit “1” or a bit “O'” state. 
0104 One READ method embodiment of the present 
invention is described below with reference to the selected 
crossbar memory junction 1318 of the crossbar-memory 
system 1300 shown in FIG. 13. In the interest of brevity, 
structurally identical components in the crossbar-memory 
system 1300, shown below in FIGS. 23-25, have been 
provided with the same reference numerals but explanations 
of the components structure and function are not repeated. 
0105 First, the entire set of nonlinear-tunneling-hyster 
etic resistors in the row and column muxes 1314 and 1316 
of the crossbar-memory system 1300 shown in FIG. 13 are 
cleared. In other words, the WRITE operation described 
above is used repeatedly to WRITE each crossbar junction 
in the row and column muXes 1314 into a low-conductance 
state. For example, in FIG. 13, the crossbar junctions of the 
column mux 1316 are written into a low-conductance state 
by applying a Voltage to the nanowire 1312 from a Voltage 
Source. Such as the Voltage source 1332, and Successively 
inputting the address of each column nanowire into the 
encoder-demultiplexer 1306 so that each crossbar junction 
of the column mux 1316 receives, in turn, a voltage drop that 
falls within the WRITE “0” voltage range 524 shown in FIG. 
5. Likewise, the crossbar junctions of the row mux 1314 are 
written into a low-conductance state by applying a Voltage 
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to the nanowire 1310 and successively inputting the address 
of each row nanowire into the encoder-demultiplexer 1304 
so that each crossbar junction of the row mux 1314 receives, 
in turn, a voltage drop that falls within the write “0” voltage 
range 524. Note that it may be possible to perform this 
operation in a single step, by either erasing the single Switch 
in the multiplexer previously written to in a high-conduc 
tance state, or by simultaneously clearing the entire multi 
plexer by putting the voltage corresponding to WRITE 'O' 
across all resistors in the multiplexer. 
0106) Next, in order to determine the currents Is, Io, and 

I passing through the selected crossbar memory junction 
1318, an ideal conductance path is created between the 
voltage source 1332 and the ground 1340 through the 
selected crossbar memory junction 1318 as follows. FIG. 23 
shows an ideal conductance path represented by dashed-line 
directional arrows, such as dashed-line directional arrow 
2302, that passes through the selected crossbar memory 
junction 1318 that represents an embodiment of the present 
invention. The ideal conductance path corresponds to the 
minimum number of nonlinear-tunneling-hysteretic resistors 
that the currents Is, Io, and I pass through in series from the 
voltage source 1332 to the ground 1340. In order to create 
the ideal conductance path, the low-conductance states of 
the crossbar junction 2304 of the row mux 1314 and the 
crossbar junction 2306 of the column mux 1316 both need 
to be changed to high conductance States. 
01.07 FIGS. 24A-24B illustrates changing the conduc 
tion states of the crossbar junction 2302 and 2304 that 
represents an embodiment of the present invention. As 
shown in FIG. 24A, the crossbar junction 2306 of the 
column muX 1316 is written into a high-conductance state 
by applying a Voltage to the nanowire 1312 from a Voltage 
Source and inputting the address 2402 of the column nanow 
ire 2308 into the encoder 1324. Directional arrows 2404 and 
2406 represent Voltages on the row and column nanowires 
1312 and 2308, respectively. The voltage drop across the 
crossbar junction 2306 falls within the WRITE “1” voltage 
range 520 shown in FIG. 5, and the corresponding nonlinear 
tunneling-hysteretic resistor Switches from a low-conduc 
tance state to a high-conductance state. As shown in FIG. 
24B, the crossbar junction 2304 of the row mux 1314 is 
written into a high-conductance state by Supplying a Voltage 
to the column nanowire 1310 and inputting the address 2408 
of the row nanowire 2306 into the encoder 1320. Directional 
arrows 2410 and 2412 represent voltages on the row nanow 
ire 2306 and the column nanowire 1310, respectively. The 
voltage drop across the crossbar junction 2304 falls within 
the WRITE “1” voltage range 520, and the corresponding 
nonlinear-tunneling-hysteretic resistor Switches from a low 
conductance state to a high-conductance state. 
0108 Next, the READ voltage V supplied by the 
voltage source 1332 is applied to the wire 1328 in order to 
create a current that flows along the ideal conductance path 
through the selected crossbar memory junction 1318. FIG. 
25 illustrates current flowing along the ideal conductance 
path through the selected crossbar memory junction 1318 
that represents an embodiment of the present invention. As 
shown in FIG. 25, the voltage source 1332 supplies a READ 
Voltage V, on the wire 1328. Because the crossbar junc 
tions 1334, 1336, 2304 and 2306 are each in a high 
conductance state, current flows from the Voltage source 
1332 to the ground 1340 along the ideal conductance path in 
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the direction identified by directional arrows 2501-2508. 
The current I is then measured and recorded by the meter 
1338. 
0109 Next, the high-conductance states of the crossbar 
junctions 2304 and 2306 of the row and column muxes 1314 
and 1316, respectively, are cleared, as described above. The 
WRITE operation is then used to WRITE a low-conductance 
state (bit “O'”) to the crossbar memory junction 1318. The 
ideal conductance path shown in FIG. 25 is again created 
through the selected crossbar memory junction 1318, as 
described above with reference to FIG. 24, and the READ 
Voltage V, is Supplied to create a current I that follows 
the ideal conductance path. The current Io is measured and 
recorded by the meter 1338. 
0110. Next, the high-conductance states of the crossbar 
junctions 2304 and 2306 of the row and column muxes 1314 
and 1316, respectively, are again cleared, and the WRITE 
operation is used this time to WRITE a high-conductance 
state (bit “1”) to the crossbar junction 1318. The ideal 
conductance path shown in FIG. 25 is again created through 
the selected crossbar memory junction 1318, as described 
above with reference to FIG. 24, and the READ voltage 
V is supplied to create a current I, that follows the 
conduction path. The current I is measured and recorded by 
the meter 1338. 

I0111. The currents Io, and I are reference currents that can 
be used to determine a threshold current I for assessing the 
original memory state of the crossbar memory junction 
1318. The threshold current can be a weighted average given 
by: 

IT-Woo-w 

where wo and w are both in the interval 0,1, and 
wo-w-1 

When Is is on the I side of I, the original memory state 
of the selected crossbar memory junction is “1,” and when 
Is is on the Io side of I, the original memory state of the 
selected crossbar memory junction is "0. 
0112 The nonlinear-tunneling resistor behavior can be 
used to advantage over linear resistor junctions when read 
ing crossbar memory junctions of a crossbar memory. For 
example, when the READ Voltage V, is applied, the 
current may actually take, in addition to the ideal conduc 
tance path, one or more other conductance paths through a 
series of nonlinear-tunneling-hysteretic resistors of the 
crossbar-memory array. However, because of the nonlinear 
properties of the nonlinear-tunneling resistors described 
above with reference to FIGS. 4-5, the selected crossbar 
memory junction receives the largest Voltage drop, while the 
currents flowing in the other multiple-resistor paths flow 
through a number of nonlinear-tunneling resistors in series, 
which Suppresses the current carried by the one or more 
other conduction paths. In fact, when the current of other 
conduction paths flows through three or more nonlinear 
tunneling resistors, the reduction in current is significant 
when compared to the current flowing through two nonlin 
ear-tunneling resistors, as described above with reference to 
FIGS 4-6. 

0113 Although the present invention has been described 
in terms of particular embodiments, it is not intended that the 
invention be limited to these embodiments. Modifications 
within the spirit of the invention will be apparent to those 
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skilled in the art. For example, in an alternate embodiment 
of the present invention, the properties of constant-weight 
codes identified as being favorable for the described 
embodiments may also be useful in pure microscale devices, 
and other devices. Although, in the described embodiments, 
each addressed nanowire has a unique internal address 
corresponding to a codeword of a code, in alternative 
embodiments of the present invention, two or more nanow 
ires may have the same code address, and may be simulta 
neously selected. Although the described embodiments all 
use Voltage signals, current signals and other types of signals 
may be employed in alternative embodiments. While the 
distinguished signals output to selected nanowires are 
higher-voltage signals than the signals output to non-se 
lected nanowires, in alternative embodiments of the present 
invention, the distinguished signals may have a smaller 
magnitude or opposite Voltage polarity than those output to 
non-selected nanowires. In an alternate embodiment of the 
present invention, rather than employing a 2-level reconfig 
urable tunneling resistor junctions at each crossbar memory 
junction of the crossbar-memory array, 3 or distinguishable 
state of the reconfigurable tunneling-hysteretic resistorjunc 
tions can be employed at each crossbar memory junctions of 
the crossbar-memory array. In other words, the present 
invention is not limited to storing a single bit at each 
crossbar memory junction of the crossbar-memory array, 
instead one or bits can be stored at each crossbar memory 
junction of the crossbar-memory array. In an alternate 
embodiment of the present invention, after the memory state 
“0” of a selected crossbar memory junction has been READ, 
the original memory state “0” can be restored by first 
clearing crossbar junctions of the row and column muXes, 
and then writing a low-conductance state to the selected 
crossbar junction. 
0114. The foregoing description, for purposes of expla 
nation, used specific nomenclature to provide a thorough 
understanding of the invention. However, it will be apparent 
to one skilled in the art that the specific details are not 
required in order to practice the invention. The foregoing 
descriptions of specific embodiments of the present inven 
tion are presented for purposes of illustration and descrip 
tion. They are not intended to be exhaustive of or to limit the 
invention to the precise forms disclosed. Obviously, many 
modifications and variations are possible in view of the 
above teachings. The embodiments are shown and described 
in order to best explain the principles of the invention and its 
practical applications, to thereby enable others skilled in the 
art to best utilize the invention and various embodiments 
with various modifications as are Suited to the particular use 
contemplated. It is intended that the scope of the invention 
be defined by the claims and their equivalents. 
What is claimed is: 
1. A crossbar-memory system comprising: 
a first layer of microscale signal lines and a second layer 

of microscale signal lines; 
a first layer of one or more nanowires configured so that 

each first layer nanowire overlaps each first layer 
microScale signal line; 

a second layer of one or more nanowires configured so 
that each second layer nanowire overlaps each second 
layer microscale signal line and overlaps each first 
layer nanowire; 

nonlinear-tunneling resistors configured to selectively 
connect first layer nanowires to first layer microscale 
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signal lines and to selectively connect second layer 
nanowires to second layer microscale signal lines; and 

nonlinear tunneling-hysteretic resistors configured to con 
nect each first layer nanowire to each second layer 
nanowire at each crossbar intersection. 

2. The crossbar-memory system of claim 1 further com 
prising: 

a first multiplexerconfigured to multiplex the first layer of 
one or more nanowires; and 

a second multiplexer configured to multiplex the second 
layer of one or more nanowires. 

3. The crossbar-memory system of claim 2 wherein 
the first multiplexer further comprises a first wire that 

overlaps each first layer nanowire and a nonlinear 
tunneling-hysteretic resistor connects each first layer 
nanowire to the first wire, at each overlap point; and 

the second multiplexer further comprises a second wire 
that overlaps each second layer nanowire and a non 
linear tunneling-hysteretic resistor connects each first 
layer nanowire to the second wire, at each overlap 
point. 

4. The crossbar-memory system of claim 1, further com 
prising: 

a first encoder connected to the first set of microscale 
signal lines; and 

a second encoder connected to the second set of micros 
cale signal lines; 

5. The crossbar-memory system of claim 4, wherein the 
encoders generate an n-bit-code codeword internal address 
for each different input address received on input signal 
lines. 

6. The crossbar-memory system of claim 1, wherein each 
microScale signal line carries a Voltage corresponding to one 
bit of an n-bit-code codeword output from a connected 
encoder. 

7. The crossbar-memory system of claim 1, wherein each 
nanowire in the first layer has an address corresponding to 
an n-bit-code codeword, and each nanowire in the second 
layer of one or more nanowires also has an address corre 
sponding to an n-bit-code codeword. 

8. The crossbar-memory system of claim 1, wherein each 
nanowire in the first layer and the second layer has a 
distinguishable associated n-bit-code codeword internal 
address, and each nanowire in the second layer has a 
distinguishable associated n-bit-code codeword internal 
address. 

9. The crossbar-memory system of claim 1, wherein each 
reconfigurable tunneling-hysteretic resistor has two or more 
distinguishable conductance states. 

10. The crossbar-memory system of claim 9, wherein the 
multiple conductance states correspond to storing one or 
more bits of information. 

11. A method for writing a memory state to a crossbar 
memory junction of a crossbar-memory array, the method 
comprising: 

providing a crossbar memory junction, wherein the cross 
bar memory junction comprises a first nanowire, a 
second nanowire, and a nonlinear tunneling-hysteretic 
resistor in a first conductance state connecting the first 
nanowire to the second nanowire; 

applying a first Voltage to the first nanowire; and 
applying a second Voltage to the second nanowire so that 

a voltage difference between the first voltage and the 
second Voltage creates a Voltage drop across the non 
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linear tunneling-hysteretic resistor changing the first 
conductance state to a second conductance state. 

12. The method of claim 11, wherein the first conductance 
state corresponds to one of 

a binary value “0; and 
a binary value “1.” 
13. The method of claim 11, wherein the second conduc 

tance state corresponds to one of: 
a binary value “0; and 
a binary value “1.” 
14. The method of claim 11, wherein each nonlinear 

tunneling-hysteretic resistor has two or more distinguishable 
conductance states. 

15. A method for reading a memory state stored in a 
crossbar memory junction of a crossbar-memory array, the 
method comprising: 

providing a crossbar memory junction, wherein the cross 
bar memory junction comprises a first nanowire, a 
second nanowire, and a nonlinear tunneling-hysteretic 
resistor in an unknown conductance state connecting 
the first nanowire to the second nanowire; 

measuring a first current flowing through the crossbar 
memory junction; 

writing the nonlinear tunneling-hysteretic resistor into a 
first conductance state; 

measuring a first reference current flowing through the 
crossbar memory junction; 

writing the nonlinear tunneling-hysteretic resistor into a 
second conductance state; 

measuring a second reference current flowing through the 
crossbar memory junction; and outputting the binary 
value of the crossbar memory junction based on com 
paring the first current with the first reference current 
and the second reference current. 

Apr. 17, 2008 

16. The method of claim 15 wherein the nonlinear tun 
neling-hysteretic resistor in a conductance state further 
comprises: 

applying a first Voltage to the first nanowire; and 
applying a second Voltage to the second nanowire so that 

a voltage difference between the first voltage and the 
second Voltage creates a Voltage drop across the non 
linear tunneling-hysteretic resistor changes the conduc 
tance State. 

17. The method of claim 15, wherein the conductance 
state corresponds to one of 

a binary value “0” and 
a binary value “1.” 
18. The method of claim 15, wherein each nonlinear 

tunneling-hysteretic resistor has two or more distinguishable 
conductance states. 

19. The method of claim 15, wherein outputting the binary 
value of the crossbar memory junction based on comparing 
the first current with the first reference current and the 
second reference current further comprises computing: 

IT-Woo-w 

where wo and w are in the interval 0.1; 
Io corresponds to the first reference current; 
I corresponds to the second reference current; and 

wo-w-1 

20. The method of claim 19, wherein when the first 
current is greater than I, the original memory state of the 
selected crossbar memory junction is “1,” and when the first 
current is less than I, the original memory state of the 
selected crossbar memory junction is "0. 


